In recent years, several states including Missouri, Wyoming, California, Texas, etc. experienced fracture failures of signal mast arms. Almost all the failures are associated with the propagation of defects or cracks. It is therefore imperative to evaluate existing mast arms using a simple yet accurate procedure. In this paper, a statistical methodology is proposed to predict the fatigue life of signal mast arm structures based on field measured strain data. The annual occurrence of various stress levels is determined using the historical wind speed data in the vicinity of a mast arm structure and the strain readings of the structure under specific wind gusts. life. However, the 16.5-meter-long arm is likely to be vulnerable to tiny defects around the weld connection while the 12.8-meter-long arm is safe unless a visible crack exists.
INTRODUCTION
In the past six years, a dozen traffic signal mast arms fractured at the arm-post weld connection in the state of Missouri. Most of them lost their function after 1 to 2 years of service while others stayed in service for about 20 years. Other states (1,2) also experienced similar failures in signal mast arms in the last decades. It is likely that these failures result from overstressing, poor welding quality, and low fatigue strength. To explore the direct causes for the failures and develop retrofit techniques for existing signal mast arm structures, the Missouri Department of Transportation initiated a research project on Fatigue Failure Investigation on Signal Mast Arms. As an important part of the project, the fatigue life of two in-service mast arms is predicted based on the field test data. This paper introduces a statistical methodology for estimating the cyclic loading on the mast arms due to natural wind gusts and assessing the fatigue condition of the existing signal support structures.
FIELD TESTS OF SIGNAL MAST ARMS
Two signal mast arms, respectively located at Providence & Green Meadows Boulevards and at Forum & Stadium Streets in Columbia, Missouri, were considered as typical structures in this study. Both structures were instrumented in field to monitor the truck-and wind-induced vibration. An anemometer was used to measure the speed of wind gusts. The signal support structure at Stadium & Forum Streets is schematically shown in Figure 1a and a typical arm-post connection in Missouri is detailed in Figure 1b . The cantilever mast arm is welded to a base plate that is bolted to the post. The mast arm and the post are made of 31.75cm × 11.81cm × 16.5m × 7GA (12.5" × 4.65" × 54' × 7GA) and 36.83cm × 28.96cm × 8.23m × 0.556cm (14.5" × 11.4" × 27' × 0.2188") circular steel pipes, respectively. The structure at Providence & Green Meadows × 0.556cm (14.25" × 11.5" × 27.5' × 0.2188"), respectively.
During the field tests, both truck-and wind-induced vibrations were recorded. However, the strain of the mast arm caused by truck passage is significantly lower. Therefore, the following fatigue life prediction is mainly focused on the effect of natural wind gusts. A total of 31 wind events (518 seconds of accumulated time) were recorded for the signal support structure at Providence & Green Meadows Boulevards and 26 events (451 seconds of accumulated time)
were recorded at Stadium & Forum Streets. The wind speed, ν, measured during the tests ranges from 2.67 to 13.33 meters per second (6 to 30 mph). Each structure was instrumented with twelve strain gauges (3) as shown in Figure 2 . Among the twelve strain records, emphasis is placed on analyzing the responses at strain gauges #1, 3, 5 and 7. They measured the longitudinal strains located at 4 in. away from the arm-post connection. Presented in Figure 3 is a typical stress time history at strain gage #3, which is converted directly from the measured strain at a wind gust of 7.33 m/sec (16.4 mph).
EVALUATION PROCEDURE
Fatigue failure of a properly designed and carefully constructed structure usually takes place after a long period of service. It results from the accumulated effect of a significant number of minor damages. Therefore it is prudent to assume that, for the purpose of predicting the fatigue stress, natural wind gusts are repeatable every ten years in a statistical sense.
Both instrumented structures were modeled using a ABAQUS finite element program.
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6 agreement with the test data presented in Figure 3 . These frequencies are significantly larger than the dominating frequency of natural wind fluctuation (4), e.g. less than 0.1 Hz. Therefore, wind fluctuations will not induce the resonant vibration of the mast arm structures. Although dependent upon the direction and angle of wind gusts, the dynamic responses of the mast arms are most likely proportional to the wind pressure or the square of average wind speed. If the ratio between the wind-induced stress and the square of wind speed is of the similar statistical distribution for a range of the measured wind speeds, the same distribution can be reasonably extended to higher wind speed ranges that are rarely recorded in field tests. The following procedure is recommended to estimate the number of stress cycles at various levels due to natural wind gusts and to predict the fatigue life of an instrumented signal structure:
1. Analyze the historical wind gust records (10 years) in the vicinity of the instrumented structures to determine the statistical distribution of the wind speed.
2. Determine the number of cycles at various stress levels (normalized by the square of wind speed) from the field test data on the instrumented mast arms. 
WIND-INDUCED STRESS ON SIGNAL MAST ARMS

Wind Speed Distribution at Columbia, Missouri
The wind speed information at Columbia, Missouri, is provided by the National Climatic Data Center (NCDC). The data were collected during the period 1969 through 1978. They include the monthly and annual statistics on the occurrence of wind events at various hourly mean wind speeds in 16 horizontal directions. Since only the distribution of wind speed is needed, the wind gusts with the same wind speed were grouped into one category regardless of their direction. Figure 4 shows the annual statistics of wind speed. The wind speed generally follows a logarithmic normal distribution.
Horizontal Vibration of Mast Arms
Strain gages #3 and #7 were used to measure the longitudinal strains at two sides of the mast arm near the base. The strains are associated with the out-of-plane (horizontal) vibration of the signal support structure. Since their responses are of the same magnitude, only the records at strain gage #3 are used for the following analyses. The strains measured in field are converted to stresses by multiplying the modulus of elasticity of steel materials as shown in Figure 3 .
Load Spectrum due to Natural Wind Gusts
As explained before, the fundamental frequency of the arm structures is significantly higher than the excitation frequency of wind gusts. Therefore, the responses of the mast arm mainly correspond to the vibration of the fundamental mode of the structure as observed from the field tests. To determine the fatigue load on the mast arm, the stress range from peak to valley of each cycle of vibration, as shown in Figure 3 Boulevards, it ranges up to 7.1 m/sec (16 mph), 7.1 to 8.9 m/sec (16 to 20 mph), and greater than 8.9 m/sec (20 mph), respectively. The load spectrum for each subset can be determined in the same fashion. All three spectra, together with the overall spectrum shown in Figure 4 , are compared in Figure 5a for the Stadium & Forum mast arm and in Figure 5b for the Providence & Green Meadows signal support structure. As one can see, they are very similar in terms of stress distribution though small difference in detail exists at several points. Therefore, the response distribution in Figure 4 can be used for other wind speed ranges.
Annual Number of Cycles at Various Stress Levels
The wind speed distribution presented in Figure 6 and the load spectra in Figure 4 are used to predict the number of cycles of vibration a mast arm may be subjected to at different stress levels. For each wind speed from Figure 6 , one can compute the occurrence frequency at various stress levels by multiplying the square of the wind speed by the ratio of stress over the square of wind speed in Figure 4 . After every wind speed in Figure 6 is taken once, the occurrence frequencies corresponding to the same stress level are added into the total number of cycles per second. The annual number of cycles of vibration at various stress levels is then 
Vertical Vibration of Mast Arms
The bending stresses at the top and bottom of mast arms are associated with the vertical vibration of the signal support structures. Such structures are typically more flexible out of plane than in plane. It is likely that the horizontal vibration is stronger than the vertical vibration since its natural frequency is relatively closer to the predominant frequency in wind fluctuation. The field test data at strain gages #1 and #5 confirm that the stress associated with the vertical vibration is less than 1/3 of that with the horizontal vibration. Therefore, only the bending stress at the side of the arm-post connection needs to be considered for the assessment of fatigue life at least for the mast arms under consideration.
STRESS CONCENTRATION AT ARM-POST CONNECTION
The computer model (global model) of the entire mast arm structures was used to determine the global distribution of internal forces and moments under a typical natural wind gust. Another computer model (local model) was set up to investigate the local distribution of stress around the arm-post weld connection. A 1.14-meter (45 in) segment of the mast arm was cut and refined finite element meshes were generated for the segment with a detailed modeling of the weld profile. It was observed from field inspections that the weld leg of the instrumented structures is typically 0.635 cm (¼ in.) long on the base plate and 1.11 cm (7/16 in) long on the mast arm wall. There are over 36,000 number of three-dimensional solid elements with the minimum element sizing 0.1016cm × 0.1016cm × 1.016cm (0.04" × 0.04" × 0.4"). The external loads on the refined model are the force and moment at the cut section of the entire signal The finite element analysis indicates that the longitudinal stress in the direction of the mast arm centerline is always dominant under wind loads from any direction. The maximum stress occurs near the toe of welding at the corner of the octagonal section and at the uppermost point of the circular section. To see this effect clearly, the stress distribution along the centerline of the arm is given in Figure 7 . It can be seen that the longitudinal stress is the maximum at the toe of the weld and rapidly drops to its asymptotic value in the area away from the weld connection. The stress concentration factor, presented in Figure 7 , is defined as a ratio of stresses at any point along the mast arm and at the point far away from the weld toe. The maximum concentration factor is determined from Figure 7 Figure 8b . It can be observed that the actual weld yields the smallest concentration of stress even though its weld leg on the base plate is the shortest. This is mainly because the actual weld has the longest weld leg on the mast arm wall while the fatigue-resistant weld is the shortest. Therefore, it is concluded that the stress concentration depends upon the weld length along the mast arm wall regardless of the slope of a weld profile near the toe and the fatigue-resistant design could lessen the stress concentration if used to lengthen the weld leg on the arm wall. Chen 
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PREDICTION OF FATIGUE LIFE OF SIGNAL MAST ARM STRUCTURES
A well-designed engineering structure may potentially fail under low amplitude cyclic loading in two stages: initiation and propagation of crack. In general, the first stage lasts significantly longer than the second stage. The fatigue life of the instrumented mast arms is predicted as follows.
Crack Initiation under Variable Stress Cycles
The strain-life approach (5) is used to predict the life of mast arms in the first stage. It requires the use of the stress-strain and the strain-life relationships as described in Equations 1 and 2. 
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To determine the parameters in the above equations, several flat-sheet specimens of rectangular cross section were made and tested on the MTS810 machine. The test results are presented in Figure 9 . The parameters in Equations 1 and 2 are identified by curve fitting the strain-stress and the strain-life model with the experimental data and they are listed in Table 3 .
The corresponding parameters of A-595A steel determined using the monotonic stress-strain relation and other associated material properties are also listed in Table 3 . There is general agreement between the two sets of data.
To determine the fatigue life under constant amplitude stress cycles, N f, the stress shown in the first column of Tables 1 and 2 , which is extrapolated from the strain measurement of gauge #3, is first multiplied by the stress concentration factor. The results are listed in the second column of Tables 1 and 2 
Crack Propagation under Variable Stress Cycles
Assuming there is a small surface crack (defect or discontinuity) near the toe of weld profile of mast arms, the mast arms can still support the external loads until the defect propagates around the cross section of the arms. The crack growth rate is related to the range of stress 
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CONCLUSIONS AND RECOMMENDED FUTURE RESEARCH
Based on the above analysis, the following conclusions can be drawn:
1. Both the wind speed and the ratio between stress and the square of wind speed follow the logarithmic normal distribution. Since the ratio is insensitive to the wind speed, its distribution can be used for weak and strong wind gusts.
2. The average stress in the signal arm structure at Forum & Stadium Streets is significantly larger than that at Providence & Green Meadows Boulevards due to its longer span length. 
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